Formant discrimination thresholds (FDTs) may provide insights regarding factors limiting vowel perception by cochlear implant (CI) users, but have not been systematically studied in this population. In the present study, estimates of second-formant (F2) FDTs obtained in three CI users were compared to FDTs obtained from three young normal-hearing (YNH) listeners. Procedures and stimuli were modeled after KewleyPort and Watson (1994, JASA 95, 485-96) but employed fewer trials and an expanded F2 frequency range. Stimuli were formant-synthesized versions of three target vowels. FDTs were estimated using an adaptive 3AFC task with feedback and based on six consecutive 80-trial stimulus blocks. FDTs for the three YNH listeners were comparable to previously reported FDTs (2.4% of reference frequency versus 1.5% in Kewley-Port and Watson). FDTs for two of the CI users were about 70% larger than the average for the YNH listeners. FDTs for the third CI user approached YNH average values in one frequency region but were enlarged in another region. Data for this CI user could not be explained by place-pitch thresholds (obtained in a previous study) and suggest that CI users' spectral acuity for complex stimuli may not be directly predictable from measures of spectral acuity for simple stimuli.
INTRODUCTION
Degraded spectral resolution is arguably the most important factor limiting speech perception performance in cochlear implant (CI) users. The present study explored the feasibility of measuring spectral acuity in CI users with a formant discrimination task. Formant discrimination refers to a listener's ability to detect changes in the frequency of a specific formant (usually F1 or F2) in a synthetic speech stimulus. Like frequency discrimination, it provides a quantitative estimate of the listener's ability to resolve spectral differences in the stimulus. However, unlike frequency discrimination, it makes use of a complex stimulus, thereby providing a measure of spectral resolution that is directly relevant to speech perception.
Formant discrimination has been systematically studied in young, normal-hearing (YNH) listeners through a series of studies by Kewley-Port and colleagues (e.g., Kewley-Port and Watson, 1994; Kewley-Port, 1995; Kewley-Port and Zheng, 1999; Kewley-Port, 2001 ). In an early seminal study, Kewley-Port and Watson (1994) measured formant discrimination thresholds (FDTs) for both F1 and F2 in a series of isolated vowels. They used a "minimal uncertainty" protocol, in which a given block of stimuli included only a single vowel and formant frequency; in addition, they used an extended duration of training and testing to ensure that FDTs reflected asymptotic levels of performance. Under these relatively stringent testing conditions, FDTs were found to remain relatively constant with frequency (~14.5 Hz) in the F1 frequency range (≤800 Hz) and to increase with frequency (~ 1.5% of reference frequency) in the F2 frequency range (≥ 1000 Hz). Later studies by Kewley-Port and colleagues showed that: 1) the smallest FDTs are obtained for vowels in isolation, with predictable increases occurring when FDTs are obtained in contexts that are more typical of everyday listening conditions; 2) relatively large improvements can occur with training; and 3) FDTs increase with stimulus uncertainty, but such increases are much smaller than improvements related to training.
To date, formant discrimination has not been evaluated in cochlear implant users. The purpose of the present study was to evaluate the feasibility of obtaining F2 discrimination thresholds in CI users and to compare FDTs obtained in CI users to those obtained in YNH listeners. Procedures were modeled after those used by Kewley-Port and Watson (1994) , except that the duration of testing and training was reduced and a larger range of F2 frequencies was employed. As described below, FDTs were successfully obtained in three CI listeners, using these modified procedures, and the resulting thresholds were compared to those obtained in three YNH listeners. The FDTs obtained in YNH listeners were larger than those obtained by Kewley-Port and Watson, but demonstrated a similar pattern across F2 frequency. CI users' FDTs were larger and more variable than those reported for YNH listeners, similar to increased frequency difference limens (FDLs) reported in previous studies (Wei et al., 2007; Pretorius and Hanekom, 2008) for CI users.
METHOD
Participants consisted of three YNH listeners (ages 18-28 years) with hearing thresholds ≤ 20 dB HL between 250 and 8000 Hz, and three post-lingually deafened adult cochlear implant listeners with an Advanced Bionics (AB) implant system and Fidelity120 speech processing strategy. Table 1 provides additional information concerning the CI listeners, including the ear that was used for formant-discrimination testing. Meniere's Dx Genetic Genetic R L R Speech stimuli consisted of three American English steady-state vowels (/ɪ, ʌ, ᴂ/), created using Klatt synthesis (Klatt, 1980) . Formant characteristics for these vowels are shown in Table 2 . Vowel duration was 175 ms and fundamental frequency (F0) fell from 220 to 180 Hz over the duration of the vowel. Formant bandwidths were 70 Hz for F1, 90 Hz for F2, and 170 Hz for F3 (identical to those used in previous studies by Kewley-Port and colleagues). Linear intensity ramps were applied to the first and last 10 ms of each stimulus. Two continua of comparison stimuli were created for each target vowel by altering F2 frequency, and each continuum included at least 14 frequency steps. Table 2 shows the range of F2 increments and decrements included in the stimulus set for each vowel. Stimuli were equated in root-mean-square (rms) intensity level over the central 155ms of each stimulus and randomly varied in presentation level over a 6 dB range (64 to 70 dB SPL) to prevent listeners from making use of residual loudness cues while performing the formant discrimination task. Stimuli were presented through a Lynx 1.0 sound card, routed through a Crown D-45 or D-75 amplifier and Tucker Davis Technologies (TDT) PA-5 attenuator to a sound field speaker placed at 0˚ degrees azimuth. The listener was seated in front of a computer monitor inside a double-walled sound booth, and used a computer mouse to provide responses during the psychophysical testing (described below). The experiment was controlled by a custom-written Matlab script (The MathWorks, 2010). Prior to testing, CI listeners adjusted the volume control on their speech processor to a level that produced a "loud, but comfortable" percept.
FDTs were obtained using a 3AFC adaptive procedure, with a 2-down, 1-up stepping rule, and correctanswer feedback. For increment testing, the standard stimulus was the vowel with the minimum F2 value; for decrement testing, the standard stimulus was the vowel with the maximum F2 value. The standard stimulus was always present in the first of three intervals; the two remaining intervals contained another instance of the standard stimulus, and a reference stimulus with a higher (increment) or lower (decrement) F2 value, assigned in random order. Each 80-trial block included a single target vowel and direction of F2 change (increment or decrement). Threshold estimates were calculated by averaging the F2 values corresponding to the final six reversals in each block; estimates from a four to six blocks were averaged to calculate the FDT for a given condition. Figure 1 shows FDTs for the three YNH listeners, with threshold expressed as frequency in Hz. Data are arranged according to the F2 frequency of the reference stimulus and are labeled to indicate whether F2 was incremented or decremented in frequency. The function reported by Kewley-Port and Watson (1994) , describing their average data for highly trained YNH listeners, is shown for comparison. As expected, the thresholds were larger for our listeners (2.4% of reference frequency) than for Kewley-Port and Watson's listeners (1.5% of reference frequency) due to the more limited duration of training used in the present study. However, our YNH listeners demonstrated a similar pattern of results as the YNH listeners of Kewley-Port and Watson, with thresholds increasing linearly with increasing F2 frequency. Figure 2 shows formant discrimination thresholds (FDTs) for the three CI listeners.. Data for each individual CI listener is plotted in a separate graph, together with the mean data for our YNH listeners and the YNH data from Kewley-Port and Watson (1994) . FDTs for CI-17 and CI-44L were approximately 32 Hz (or 40%) larger than those obtained in the present YNH listeners; however, these CI users demonstrated a similar pattern of results as the YNH listeners, with FDTs increasing as a function of F2 frequency. The third CI listener (CI-6) showed a different pattern of results. Her FDTs were similar to the average YNH in the higher F2 frequencies (> 1700 Hz), but were exceptionally large for lower values of F2. The pattern of FDTs across frequency exhibited by CI-6 was not predictable from pitch-ranking results obtained for this subject as part of an earlier study. This observation suggests that measures of spectral acuity for complex stimuli (e.g., FDTs) may not be directly predictable from measures of spectral acuity for simple stimuli in this population. Figure 3 shows the average thresholds across the F2 frequency range for Kewley-Port and Watson (1994) , YNH listeners from the present study, and the two CI listeners from the present study who had consistent FDT ratios across the F2 frequency range studied . Results are expressed as the average FDT threshold in Hz (left axis) and as a percentage of the reference frequency (right axis). As indicated earlier, our YNH listeners' had larger FDTs (2.4% of the reference frequency) than Kewley-Port and Watson's (1994) highly trained listeners (1.5% of reference frequency). Average FDTs for the two CI listeners were roughly 70% larger than those obtained in the YNH listeners (32 Hz, or 3.5-4.5% of the reference frequency). 
RESULTS

SUMMARY
The primary purpose of this study was to evaluate the feasibility of obtaining F2-formant discrimination thresholds in CI users. Reliable thresholds were obtained in all three of the CI listeners, using a procedure modeled after that used by Kewley-Port and Watson (1994) . Our procedure differed from theirs in that test times were shorter, and a wider range of F2 frequencies was used to ensure that CI users could perform the task. Future studies will measure FDTs in a larger sample of CI users and examine relationships between FDTs, FDLs and measures of vowel identification. 
